Assuming that CPT is violated in the neutrino sector seems to be a viable alternative to sterile neutrinos when it comes to reconciling the LSND anomaly with the remainder of the neutrino data. There are different (distinguishable) ways of incorporating CPT violation into the standard model, including postulating m =m. Here, I investigate the possibility of introducing CPT violation via Lorentz-invariance violating effective operators ("Ether" potentials) which modify neutrino oscillation patterns like ordinary matter effects. I argue that, within a simplified two-flavor-like oscillation analysis, one cannot solve the solar neutrino puzzle and LSND anomaly while still respecting constraints imposed by other neutrino experiments, and comment on whether significant improvements should be expected from a three-flavor analysis. If one turns the picture upside down, some of the most severe constrains on such CPT violating terms can already be obtained from the current neutrino data, while much more severe constraints can arise from future neutrino oscillation experiments. * Originally, the LA manifested itself also in the neutrino channel. This effect, however, has disappeared after more data was analyzed [3] .
Introduction
Assuming that neutrinos have a small mass and mix is by far the simplest solution to the two well established Solar [1] and Atmospheric [2] Neutrino Puzzles and the more controversial LSND Anomaly [3] . It is, however, well known that in order to solve all three problems at once, one is required to add new light degrees of freedom to the Standard Model (SM), usually sterile neutrinos. The reason for this is the fact that the Solar Neutrino Puzzle (SNP) requires a neutrino mass-squared difference ∆m 2 < ∼ 10 −4 eV 2 , the Atmospheric Neutrino Puzzle (ANP) requires 10 −3 eV 2 < ∼ ∆m 2 < ∼ 10 −2 eV 2 , and the LSND Anomaly (LA) requires ∆m 2 > ∼ 10 −1 eV 2 . With three neutrino mass eigenstates, one can only obtain two independent mass-squared differences.
It has recently been pointed out that there is another way to address all neutrino puzzles with only three neutrino species: CPT violation [4] . It is easy to note that, while the SNP involves neutrinos, the LA points to evidence for oscillation only in antineutrinos, * meaning that if the ∆m 2 's were different in the neutrino and antineutrino sectors, the three problems could be solved without the addition of light degrees of freedom to the SM. Furthermore, CPT violation in the neutrino sector had already been evoked as a possible solution to inconsistencies in the neutrino data from SN1987A [5] .
CPT is the only global space-time symmetry of the SM. Unlike its "broken siblings" (C, P, T, CP, CT, PT), however, CPT invariance is not an accidental/optional symmetry of a quantum field theoretical system. CPT invariance is a consequence of the fact that all microscopic phenomena observed to date can be perfectly described by a Lorentz invariant, local Quantum Field Theory [6] . CPT violation implies, necessarily, violation of Lorentz invariance and/or Locality (and, perhaps, a formalism different from Quantum Field Theory...). It has recently been stressed [7] that allowing particle and antiparticles to have different masses seems to imply that both Lorentz invariance and Locality are violated. † CPT violating effects can be mimicked by neutrino interactions with a CPT violating medium. Indeed, neutrinos and antineutrinos acquired different effective masses while propagating in the presence of matter, such that large matter induced CPT violating effects can be potentially observed in future neutrino experiments. The authors of [8] have mentioned that one may be able to parameterize the CPT violating effects by assuming the existence of a CPT violating Ether, which modifies the oscillation probabilities of neutrinos and antineutrinos in distinct ways. Certain advantages come out of such a parameterization: the theory remains local (only Lorentz Invariance is violated), and all well known quantum field theoretical techniques can be safely used to explore other consequences of the postulated CPT violation -CPT violating effects are parametrized by an effective Lagrangian. I argue, by performing a two-flavor analysis, that the neutrino puzzles and the LA probably cannot be solved in a satisfactory way by assuming the existence of a "CPT violating Ether." ‡ Furthermore, it turns out that the current neutrino data already may set very strong limits on particular CPT violating operators [9] , while potentially stronger limits may be imposed by future neutrino experiments, such as KamLAND [10] and Borexino [11] .
In Sec. 2, the CPT violating formalism is introduced and motivated. In Sec. 3, I discuss what are the requirements for solving the SNP and the LA within the formalism introduced in Sec. 2, and show why it does not work properly, at least in a two-flavor analysis. I comment briefly on whether one should expect a three-flavor analysis to be more successful. Sec. 4 contains a summary of the results and some discussions, including current and future constraints on CPT violation.
On the Formalism
For simplicity, I'll assume that the neutrinos are Majorana particles, and describe it using twocomponent Weyl spinors. This being the case, after electroweak symmetry breaking,
where χ is a two-component (left-handed) Weyl field,χ ≡ (χ) † ,σ µ = (1, σ), and L int contains all the interaction terms. § In the spirit of [12, 9] , we assume that possible CPT violating effects are a consequence of unknown ultraviolet physics, and that they are small (as required by experiments). This allows one to write CPT violating effective operators, which are proportional to some order parameter (v.e.v) and suppressed by powers of the new physics scale. Therefore,
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where Λ is the new physics scale, λ are dimensionless coupling constants, T is the CPT violating order parameter and O n are operators composed of the SM fields with mass dimension n, such that T O n is a Lorentz invariant operator of mass dimension n + 1. The lowest dimensional CPT violating † There is a controversy related to whether Lorentz invariance is violated under these circumstances. I thank Gabriela Barenboim for pointing this out. ‡ The "Ether" is properly defined in Sec. 2. § It is worthwhile to comment in passing that already at this level it is possible to break CPT by saying that there are two masses m =m.
operator comes at n = 3 [12] , and is parametrized as A µχσ µ χ, where A µ is a constant four-vector with mass dimension 1. Note that there are no other n = 3 CPT violating terms. Hence forth, we ignore all other terms, which are suppressed by powers of 1/Λ, and work with the Lagrangian
3)
A µ can be interpreted in a variety of ways. For example, it looks like a background, classical "electromagnetic" field. In the case of neutrinos, it proves useful to interpret it as a "matter potential." This is because, in the case of electron neutrinos propagating in the presence of, say, nonrelativistic electrons, one obtains exactly A µχσ µ χ, with A µ = ( √ 2G F N e , 0, 0, 0), where N e is the electron number density.
From Eq. (2.3), one obtains the modified Dirac equations
where α,α = 1, 2 are spinor indices. From Eqs. (2.4), it is easy to calculate the dispersion relation for both the neutrino (positive energy state) and the antineutrino (negative energy state), namely
where the plus sign applies for the neutrino and the minus sign for the antineutrino. The opposite sign for neutrinos and anti-neutrinos is easy to understand if one looks at A µ as a background classical vector field -particle and antiparticle have opposite charge. It is convenient to choose
As one can readily note, V can be interpreted as a "Ether-induced potential energy." In the case of ordinary matter effects, V is sometimes related to an "effective mass." We comment on this interpretation in the next section, and argue that it can be rather misleading.
Addressing the Solar Puzzle plus the LSND Anomaly
The LA can be interpreted as a measurement ofν µ →ν e -conversion with P µe ∼ 0.2%. The neutrino energies explored range (roughly) from 30 MeV to 55 MeV, and the neutrino travel distance is L = 30 m. An interpretation in terms of two-flavor neutrino oscillations indicates, after including constraints from other experiments, that 0.
. The SNP is best interpreted by ν e → ν µ,τ -conversion, with P ee < ∼ 0.5. The neutrino energies explored range (roughly) from 0.1 MeV to 10 MeV, and the neutrino travel distance is (of course) one astronomical unit, and there is information regarding the survival probability as a function of neutrino energy. Most importantly, the presence of matter inside the Sun and the Earth affects the oscillation pattern significantly. An interpretation in terms of two-flavor neutrino oscillations indicates, after including constraints from other experiments, that 10 −9 eV 2 < ∼ ∆m 2 < ∼ 10 −3 eV 2 , while 0.1 < ∼ tan 2 θ < ∼ 10 * [13, 14] . The question one would like to address is whether the presence of the Ether-terms described in the previous section can solve both the LA and the SNP. I will restrict the discussion to two-flavor oscillations. This simplifying assumption will render the discussion more clear, and can easily be extended to the three neutrino case. Note that the two-flavor case does fit trivially into a three flavor framework if one chooses the Ether to act only on the "1-2" system, and that there is no ν e on the ¶ Henceforth, I assume that Aµ is time-like.
* The small mixing angle solution to the SNP is currently excluded at the 95% confidence level.
"3" mass eigenstate. The differential equation that will lead to the oscillations in the presence of an electron number density N e can be written as (assuming that the neutrino energy is much larger than its mass and dropping terms proportional to the identity matrix)
where V αβ , α, β = e, x are the Ether terms, ν x is a linear combination of ν µ and ν τ , and V ≡ V ee − V xx . The equation for antineutrinos is identical to Eq. (3.1) with V αβ → −V αβ and N e → −N e . For fixed V, V ex the entire solar neutrino parameter space is spanned by assuming 0 ≤ θ ≤ π after one defines the sign of ∆m 2 [15] . However, since we will be trying to determine V, V ex from neutrino data, their sign can be adjusted such that 0 ≤ θ ≤ π/2, as customary. † In the absence of matter effects, the oscillation probability is (these have already been presented in [9, 17] )
For solar neutrinos, we will concentrate on solutions where the adiabatic condition for propagation inside the Sun holds (this will always be the case here, as will be argued later), such that, for a neutrino produced close to the Sun's core, 7) with N 0 e the electron number density in the Sun's core, which translates into
The next step is to search for V, V ex , ∆m 2 and θ such that both the LA and SNP are solved, and such that other experimental results are not contradicted.
First, I address the case V ex = 0. The LA requires Pxē ∼ 0.5%, assuming that Pμē = 0.5Pxē, such that the atmospheric neutrino puzzle is solved by maximal ν µ ↔ ν τ oscillations (the factor of 0.5 will play no role in the following discussions). Using Eq. (3.2) for antineutrinos,
as long as∆ eff < ∼ 1/30 m. ‡ Without any loss of generality, this will be considered as a constraint, since the case∆ eff ≫ 1/30 contradicts the Karmen data [18] and will not provide a realistic solution to the LA. Solving the LA implies, therefore, that ∆ sin 2θ ∼ 8 × 10 −4 eV 2 /MeV for LSND-like energies E ν ∼(30-55) MeV. This in turn implies, for solar neutrinos, ∆ eff > ∼ 3 × 10 −3 eV 2 /MeV (remember the largest solar neutrino energy is three times smaller than the smallest LSND energy), such that ∆ eff ≫ √ 2G F N e . Therefore, matter effects inside the Sun will be very weak, and the best hope for † The "dark side" π/4 ≤ θ ≤ π/2 cannot be ignored due to standard matter effects [16] . ‡ The notation∆ eff andθ eff will be used to represent the antineutrino quantities, where V, Vex are replaced by −V, −Vex respectively.
solving the SNP will be to obtain a very large effective mixing angle. This also explains why the adiabatic approximation works very well.
In order to obtain sin 2 2θ eff ∼ 1 one can choose V ∼ ∆ cos 2θ, such that there is an MSW-like resonance at a typical solar neutrino energy E ν = E * between 0-10 MeV. In more detail
where δE ≡ E ν − E * and E * is the resonant solar neutrino energy. The energy dependence of the solar neutrino data requires, very generously, that, for δE ∼ E * , sin 2 2θ eff > ∼ 0.6. § This translates into tan 2 2θ > 3/2. It turns out that the CHOOZ bound [19] on Pēē forbids such a choice.
At CHOOZ,∆ eff > ∼ 3 × 10 −3 eV 2 /MeV (remember that typical reactor antineutrino energies are of the order of typical solar neutrinos energies), such that 1 − Pēē ∼ 1/2 sin 2 2θ eff at the CHOOZ experiment (L CHOOZ ∼ 1000 m). Assuming that there is a resonance in the solar neutrino sector at some E ν = E * ,
and the bound sin 2 2θ eff < 0.1 from CHOOZ translates into tan 2 θ < 4/9, in disagreement with the requirements from the the SNP discussed above. Next, consider V = 0 but V ex = 0. As before, the LA will constrain (∆ eff sin 2θ eff ) 2 = (∆ sin 2θ − V ex ) 2 ≃ (8 × 10 −4 ) 2 eV 4 /MeV 2 . In the case |V ex | < ∆ sin 2θ, the survival probability will be very similar to the case of no Ether (∆ solar ≫ ∆ LSND ), and is therefore uninteresting.
The opposite hypothesis, |V ex | ≫ ∆ sin 2θ for typical LSND energies invites further investigation. In this case, the LA implies |V ex | ∼ 8 × 10 −4 eV 2 /MeV. If |V ex | ≫ ∆ sin 2θ also for typical solar neutrino energies, sin 2 2θ eff ∼ 1 for solar neutrinos, which provides a reasonable solution to the SNP. This possibility is, unfortunately, immediately killed by the CHOOZ bound, since sin 2 2θ eff ∼ 1 for typical reactor antineutrino energies.
Another possibility, which can be quickly discarded, is the case V ex + ∆ sin 2θ = 0 and ∆ cos 2θ very small for typical solar neutrino energies, such that ∆ eff ∼ √ 2G F N 0 e . In this case,∆ eff ∼ V ex is large, such that the CHOOZ bound would be grossly violated, namely, 1 − Pēē ∼ 1/2 at CHOOZ.
Finally, there is the possibility of evoking an "antiresonance" at CHOOZ, namely ∆ sin 2θ−V ex = 0 for some reactor antineutrino energies Eν =Ē * . In this case, one may hope to obtain maximal effective mixing in the neutrino sector and solve the SNP. In more detail
where δE ≡ Eν −Ē * . Note that away fromĒ * , the CHOOZ bound still presents a limit for tan 2 θ. For example, requiring 1 − Pēē < 0.5 for δE/Ē * = 1/2 implies tan 2 2θ < 4/9. Under these circumstances, the solar effective angle is
which, in the limit E ν ≪Ē * implies P ee > ∼ 0.85, in disagreement with the solar data. It worthwhile to comment at this point that it should not come as a surprise that no remotely appropriate fit to all neutrino data can be obtained with either ∆m 2 , θ, and V , or ∆m 2 , θ, and V ex as free parameters: the fit is severely over constrained. It remains, however, to check whether the addition of a fourth free parameter can help significantly. There is some room for optimism, since § Under these circumstances, Pee is constrained to be between 0.5 and 0.7 for the entire solar neutrino energy range. This provides a rather poor fit to the data, but is the best one can hope to achieve. nonzero V and V ex seem to play significantly different roles in the previous discussions. For example, one may envision a large V ex which can take care of the CHOOZ bound, combined with a small enough θ and a large enough ∆m 2 to solve the LA. The SNP may be solved by appropriately choosing V in order to enforce a large effective solar mixing angle, and so on.
An optimal solution was numerically searched by performing a "straw-man fit" to the CHOOZ, solar and LSND data. Explicitly, this was done by requiring that P ee = 0.4 ± 0.1 in ten 1 MeV-wide solar neutrino energy bins (from 0 to 10 MeV), 1 − Pēē = 0 ± 0.04 in seven 1 MeV-wide reactor antineutrino energy (from 2 to 9 MeV) bins at CHOOZ, and Pμē = 0.25% ± 0.08% in five 5 MeV-wide antineutrino energy bins at LSND (from 30 to 55 MeV). A more detailed fit is beyond the scope of this discussion, but it should be noted that the constraints imposed here are rather mild, such that a realistic fit will probably yield more severe constraints on an Ether solution to both the SNP and LA. The oscillation probabilities obtained at the solar, reactor, and LSND (anti)neutrino energy ranges are depicted in Fig. 1 , for one "best fit point:" ∆m 2 = 0.01 eV 2 , cos 2θ = 0.6, V = 0.001 eV 2 /MeV, and V ex = 0.001 eV 2 /MeV. Other points which also provide a reasonable fit are very similar, and characterized by 0.0007 A few comments are in order. First of all, the result obtained is not altogether inconsistent with the data. As a matter of fact, the result obtained is in good agreement with the reactor constraints, and the LSND data. The Karmen constraints are easily satisfied, given that∆ ef f ≪ 1/L at both LSND and Karmen, such that oscillation effects at the Karmen site are suppressed with respect to effects at the LSND experiment by (30/10) 2 . (remember that Pμē ≃ 0.5 × Pxē). The biggest concern rests in the solution to the SNP. The fact that P ee > 0.5 in the entire energy range (the reason for this, namely the fact that ∆ eff ≫ √ 2G F N 0 e has already been addressed in detail), implies that a good fit to the solar data cannot be obtained. For example, the SNO and SuperKamiokande data alone rule out this model at more than the two sigma level. ¶ Nonetheless, the energy dependency of P ee obtained for the Ether model considered here is not too different from that obtained for regular two-neutrino oscillations and ∆m 2 solar > few × 10 −4 eV 2 . Finally, I address the atmospheric neutrino data. For atmospheric (anti)neutrinos, which travel at least 10 km before reaching the, say, SuperKamiokande detector, L ≫ 1/∆ eff , 1/∆ eff assuming that the values of the four parameters θ, ∆m 2 , V, V ex provide a proper fit to the SNP and the LA. This means that P ee ≃ 1 − 1/2 sin 2 2θ eff . Furthermore, because ∆ atm <
. Given the range of parameters delimited above, one obtains
for all E ν and all L. Such a possibility is certainly not a good fit to the atmospheric neutrino data, which clearly prefers P ee ≃ Pēē ≃ 1. In order to be able to make a definitive statement, however, a full three neutrino analysis of the atmospheric data including the Ether term is required. Nonetheless, there is a hint that the Ether hypothesis is strongly disfavored if one considers the current constraint on |U e3 | 2 from the ANP [21] . A realistic analysis may provide even stronger constraints, given that the value of P ee , Pēē above are energy independent, and should also modify the measured ν µ -flux distributions significantly (given that 1 − P ee ∼ 0.5P µe ). In summary, it is fair to say that the presence of an Ether potential cannot accommodate the current neutrino data, at least when the Ether terms affect only the ν e ↔ ν x -sector (ν x is a linear combination of ν µ , ν τ ). While a good fit to the LA and the reactor data can be obtained, only a marginal solution to the SNP exists, and there are further constraints from the atmospheric data. However, the fact that one cannot fit all the data should not come as a surprise. The most important reason for this expectation is that the Ether term serves as an effective potential, and not an effective mass. This implies that a) the standard L/E behavior of the survival probabilities will be severely modified, b) the effective mixing angle will vary substantially with energy and c) standard matter effects are altered. Indeed, the fact that the SNP and the LA can be marginally reconciled without violating the CHOOZ bound may come as a bigger surprise (at least to me)! An important question is whether a full three neutrino fit could be more successful. Such a fit would contain eleven free parameters (two mass-squared differences, three mixing angles, one complex Dirac phase and five Ether-terms) and is certainly beyond the scope of this discussion. While there are enough new free parameters (which should render performing such a fit very challenging), it is worthwhile to comment that many features of the atmospheric data, such as the peculiar L/E of the ν µ flux should prove to be a serious challenge to the oscillations in the Ether, indicating that such a fit will encounter challenges which are not too dissimilar from the ones faced here. I believe that obtaining a successful fit to all the data with a three-neutrino is rather improbable, but, perhaps, not impossible.
Summary and Discussions
CPT violation implies, necessarily, violation of Lorentz invariance and/or Locality. Under certain circumstances, CPT violation requires a reinterpretation of the Quantum Field Theoretical formalism which is used to describe, extremely successfully, all short distance physics to date. ¶ See [14] for a detailed discussion. The best possible fit (already excluded at more than the 2 sigma level) would be obtained if the Standard Solar Model prediction for the 8 B solar neutrino flux [20] was off by a factor of 2.
It has been pointed out that if the neutrinos and antineutrinos had different masses (CPT violation), all neutrino puzzles could be solved without the addition of extra light degrees of freedom to the standard model. This hypothesis seems to violate both Lorentz invariance and Locality, and renders a Quantum Field theoretical description of the neutrinos (including loop-effects, time-evolution, etc) rather cumbersome.
Here, I have considered a formalism for CPT violation [9, 12] which can be treated self consistently within Quantum Field Theory (it look like "standard" effective field theory) by adding a few effective Lorentz invariant-violating operator (Ether potentials). It turns out, however, that one cannot obtain a set of parameters which will satisfy the solar neutrino data, the atmospheric neutrino data, the LSND data, and the reactor data at the same time, at least within a two-flavor analysis. I tried to argued that, contrary to previous claims [8] , one should at least suspect that the existence of Ether terms is insufficient to accommodate all the neutrino data. The most interesting feature discussed here is, perhaps, the fact that a good fit can almost be obtained if both diagonal and, more importantly, off-diagonal Ether potentials are present. One of the big barriers one is forced to face is the fact that, for solar neutrinos, the electron neutrino survival probability is always greater than one half, in contradiction with the current solar neutrino data (e.g., SuperKamiokande and SNO). If it turns out that the solar data definitively requires P ee < 0.5 (at a very high confidence level) for a finite energy range, the Ether solution would be unambiguously ruled out. This may very well be achieve after the new SNO results on the neutral current cross-section and the day-night effect are released.
Constraints on V and V ex (as defined in the previous section) are, of course, possible to obtain outside the realm of neutrino oscillations. The authors of [22] already point out that, through loops, one can severely constraint V ee . Since oscillation signatures only depend on V ee − V µµ , this strong bound is irrelevant if one allows V ee ≪ V µµ . On the other hand, if the Ether terms were to be written in SU (2) L × U (1) Y invariant forms, very severe tree-level constraints from the charged lepton sector would probably render the model useless as far as neutrino oscillation phenomenology is concerned.
Constraints on the off-diagonal V ex and on the second generation V µµ are expected to be much weaker, and the best constraints will come from the neutrino oscillations experiments themselves. For example, from the discussions in the previous section, the LA already constraints |V |, |V ex | < ∼ 10 −3 eV 2 /MeV = 10 −18 GeV. Future neutrino experiments including KamLAND ([23] for a detailed discussion), Borexino and long baseline neutrino experiments (for a detailed discussion, see [17] ) can push the bounds on V αβ by many orders of magnitude. For example, if it turns out that strong solar matter effects are required to solve the SNP, one would be force to constraint |V |, |V ex | < ∼ 10 −5 eV 2 /MeV = 10 −20 GeV, while if Borexino observes seasonal variations, their data will be consistent with ∆m 2 /2E ν < ∼ 10 −9 eV 2 /MeV = 10 −24 GeV [24] , implying |V |, |V ex | < ∼ 10 −24 GeV.
